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We investigate a non-adiabatic parametric quantum pump 
consists of a nonmagnetic scattering region connected by two 
ferromagnetic leads. The presence of ferromagnetic leads al- 
lows electrons with different spins to experience different po- 
tential landscape. Using this effect we propose a quantum 
spin pump that drives spin-up electrons to flow in one direc- 
tion and spin-down electrons to flow in opposite direction. 
As a result, the spin pump can deliver a spin current with 
vanishing charge current. 
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A parametric quantum pump generates a DC elec- 
tric current by a cyclic variation of system parameters 
while keeping the leads at a constant chemical potentially. 
Considerable effort has been de^ted_ta_understand the 
physics of parametric pumpingnQD'ErO'Dtj. ft was found 
that the pumped current is rather sensitive to various 
parameters of the system such as potential of the pump, 
frequency of the driving force, and Fermi energy of the 
leads. As parameters vary, the pumped current can even 
change directions: this has been puvdictcd for charge 
pumping in xesonant tunneling diodesEm, nanotube-quan- 
tum pumpsEj, finite frequency pumping processEH, and 
quantization of the pumped chargell 2 ]. To fully exploit 
this behavior, in this paper we investigate parametric 
pumping in the presence of ferromagnetic leads. When 
ferromagnetic leads are present, electrons with different 
spins experience different potentials. Under certain con- 
ditions the pumped current for electron with different 
spin may flow in opposite directions. As a result, the 
total pumped charge current can be zero while a pure 
spin current is delivered. Such a quantum spin pump 
may have potential applications in the fascinating field 
of spintronicai 3 ]. 

Recently, several different spin pumps have been pro- 
posed. In the uni-pole spin battery studied in Refs. 
|l5| , a spin current is generated by either a rotating mag- 
netic moment or rotating external magnetic field. In 
these uni-polfij-Qumps, spin current is not conserved due 
to spin flipalilO. In contrast, the spin pump considered 
in this work satisfies spin current conservation when mag- 
netizations of the two leads are parallel or antiparallel. 
In anothe*. direction, an adiabatic quantum pump was 
proposedliS such that a spin polarized current is gener- 
ated in a chaotic quantum dot in the presence of an in- 
plane magnetic field. In this work we go beyond the adi- 



abatic regime and examine the frequency dependence of 
the pumped spin current. Our results show that a pure 
spin current can be achieved by varying the pumping fre- 
quency. 

The system we investigate is a spin-valve which con- 
sists of a non-magnetic scattering region connected by 
two ferromagnetic electrodes to the reservoir. The mag- 
netic moment M of the left electrode is pointing to the z- 
direction, the electric current is flowing in the y-direction, 
while the moment of the right electrode is at an angle 9 
to the z-axis in the x — z plane. For simplicity of discus- 
sion, we assume that the value of molecular field M is the 
same for the twOj-alectrodes, thus a standard spin-valve 
effect is obtainedliZl by varying the angle 9. Essentially, 
M mimics the difference of density|-Qf states (DOS) be- 
tween spin-up and down electronsE3 in the electrodes. 
The pumped current for this system can be calculated 
at finite frequency and up to the second order in pump- 
ing amplitude using the perturbation theory based on 
nonequilibrium Green's functional^. The pumped parti- 
cle current due to fwa component (3 through lead a is 
found to be {h = l)±i 

/d 
— Tr [r a G r [(/_ - f)V(G r (E_) - G a (E_))V* 

+V*(f + f)(G r (E + ) G a (E + ))V]G a }^ (1) 

where /3 =t,i, V is the pumping potential profileEl, 
E± = E i co, and G r is a 2 x 2 matrix representing 
the equilibrium retarded Green's function 
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with Hq the Hamiltonian in the absence of pumping 
potential. Here E r = ^ Q T, r a is the self energy and 
T a = -2/m[S^]ri the linewidth function. The self- 
energies are givenlia 



W a {E)=R a I S «T 
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with the rotational matrix R a for electrode a defined as 

}> = ( "". ) . (4) 



cos0 Q /2 sin0 a /2 
— sin6> Q /2 cos#q,/2 



Here angle 9 a is defined a,sMp = and 9r = 9 and 
E^ is the usual self energyE3. In this paper, we will 
study two special cases: 9 = or n for spin current. 
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From Eq.fllj), we observe that up to the second order in 
pumping amplitude, the particle can absorb or emit a 
photon during the pumping process. The contribution 
due to these two photon assisted processes have different 
sign and tend to cancel each other. As the result of this 
competition, the pumped particle current can reverse its 
direction upon varying system parameters. 
The pumped charge current I a is given by 

I a =q [J a ] + Jai) (5) 

and the pumped spin current I sa is (we have set Ti = 1) 

I sa = (J qT - J al )/2 . (6) 

Now we examine the conservation law for pumped cur- 
rent. When 9 = 0, ir, the 2x2 Green's function G r and 
self energy are diagonal. As a result, we have 

x (/- - f)V(G r (E_) - G a (E_))V* 

+GTG^ + - f)V*(G r (E + ) G a (E + ))V] /3/3 (7) 

where we have moved G a to the beginning of the trace. 
This can be done only if the Green's function and self 
energy are diagonal. Using the fact that G r — G a = 
— iG a rG r and changing variable from E + to E in the 
second term of Eq. (0) , it is straightforward to show the 
Yl a = 0- This means that both the pumped electric 
current and pumped spin current are conserved in this 
device. 

Now we use Eqs.(|l]), (||), and (g) to calculate pumped 
electric current and spin current. The system we stud- 
ied is a symmetric double 8 barrier structure modeled 
by potential U{x) — VqS(x + a) + Vo5(x — a). For this 
system.-thc Green's function G(x,x r ) can be calculated 
exactlycj. The pumping potential is chosen to be sinu- 
soidal V(x, t) — V p [cos(uit)8(x— xi)+cos(cut+4i)5(x— x^)]. 
We will calculate the pumped electric and spin current 
from the left lead at zero temperature and set Vq = 69.7. 
We set x\ = —a and x 2 = a/10. A gate voltage v g is 
applied in the double barrier structure to control the res- 
onant electron level. We assume that the Fermi level of 
the leads is in line with the resonant level at v g = 0. 
Finally the unit is set by Ti = 2m = q = 2a = 1. For 
the system of Fe/Ge/Fe with a = lOOOA, the energy unit 
is E = 0.046meV which corresponds to u — 11.0 GHz. 
The unit for pumped current is 2 x 10~ 7 A. The unit for 
spin current is 2meV. 

In Fig.l, we show the pumped electric current (solid 
line) and spin current (dotted line) as a function pumping 
frequency when 9 = for fixed Fermi energy and mag- 
netization M. As the frequency increases, the pumped 
electric current increases and reaches a maximum value 
at u> — 0.0077. As the frequency increases further, the 
pumped electric current decrease and becomes negative 
at large frequency. In the presence of magnetic elec- 
trodes, the pumped electric current is spin polarized with 



non-zero spin current. The behavior of the pumped spin 
current is similar to that of the pumped electric current. 
It is positive at small pumping frequency and becomes 
negative at larger frequencies. At co = 0.0168 (thin ver- 
tical line in Fig.l), the pumped electric current is zero 
and a pure spin current is achieved. The physics behind 
this is the following. During parametric pumping, the 
system pumps out spin-up and spin-down electrons. For 
electron with a given Fermi energy, the potential of the 
ferromagnetic lead for spin- up electron is — M while for 
spin-down electron it is M. As a result, the pumped elec- 
tric current for different spins can have different sign, i.e. 
spin-up electron pumps out from the right lead to the left 
whereas spin-down electron flows to the right lead dur- 
ing the pumping. This way a spin current is generated. 
At certain value of the frequency, a complete cancella- 
tion of electric current occurs and a pure spin current is 
delivered. 

In Fig. 2 we plot the pumped electric current and spin 
current versus pumping frequency for 9 — ir. We observe 
that the pumped electric current for 9 = has the same 
order of magnitude as that at 9 = ir. The pumped spin 
current, however, is quite different from that at 6 = 0. It 
displays a linear dependency on the pumping frequency. 
The frequency at which a pure spin current occurs is also 
different from the case when 9 = 0. Comparing with the 
case of 9 = 0, the spin current reverses its direction when 
9 = ir. Our study shows that the pure spin current is a 
generic property and can occur at a wide range of pa- 
rameters. In Fig.l, we see that at M = 2 and u> = 0.0168 
the system pumps out pure spin current. As we vary M, 
the frequency u at which the pure spin current occurs 
also changes. The trajectory or the "phase diagram" is 
depicted in Fig. 3 where pumping frequency versus mag- 
netization of the leads for 9 = is shown (solid line) 
along with the magnitude of pumped spin current. 

In summary, we have proposed a non-adiabatic quan- 
tum spin pump which can generate a pure spin current 
with zero electric current during the parametric pump- 
ing. The device consists of a non-magnetic system con- 
nected by two ferromagnetic leads. Since electrons with 
different spin experience different potential landscape, 
the corresponding pumped current can be quite different. 
At certain condition, the pumped electric current can be 
zero while pure spin current is produced. Our numerical 
results show that this can be easily achieved by varying 
system parameters such as the pumping frequency. 
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FIG. 1. The pumped electric current (solid line) and 
pumped spin current (dotted line) as a function of pump- 
ing frequency at 9 — 0. The pumped current for spin-up and 
down electrons (dot-dashed line and long-dashed line) are also 
plotted. Here M — 2 and Ef = 3.4. The vertical thin line 
corresponds to the frequency at which the pumped electric 
current is zero. 



FIG. 2. The pumped electric current (solid line) and 
pumped spin current (dotted line) as a function of pump- 
ing frequency at 8 = -n. Other parameters are the same as in 
Fig.l. 



FIG. 3. The pumping frequency (solid line) and pumped 
spin current (dotted line) versus magnetization of the ferro- 
magnetic lead at which the pumped electric current is zero. 
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